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Abstract: An optofluidic 1x4 switch is designed, fabricated, and tested. The 
switch is based on a blazed diffraction grating imprinted onto silicone 
elastomer at the bottom of a microfluidic channel that is filled with liquids 
with different refractive indices. When the condition of a diffraction 
maximum is met, the laser beam incident on the grating is deflected by an 
angle proportional to the refractive index mismatch between the elastomer 
and the liquid in the channel. The switch was tested using four different 
aqueous salt solutions generating 0th to 3rd orders of diffraction. The 
insertion loss was <2.5dB, the extinction ratio was >9.8dB, and the response 
time was 55 ms. The same basic design can be used to build optofluidic 
switches with more than 4 outputs.  
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1. Introduction 

Microfluidics is a quickly growing area of applied science and technology with numerous 
applications in biology, chemistry, biochemistry, and medicine[1-6]. During the last decade, 
the complexity, levels of integration, and miniaturization of microfluidic networks have been 
steadily increasing. Nevertheless, imaging and optical interrogation of microchannels have 
usually been performed with conventional free-space optics built of components much larger 
than the microchannels themselves. Integration of microfluidic and optical components into a 
single miniaturized platform is one of the goals of optofluidics[7-9]. This integration requires 
the development of new types of miniature lenses, waveguides, switches, sources, filters, and 
detectors that can be effectively combined with microfluidic networks.  

Some of these optical components can be built of microchannels themselves and can be 
adjusted by changing the shapes of the microchannels and refractive indices of liquids in 
them[10-17]. In addition to the optofluidic integration, adaptive optical devices made with 
microfluidic technology can also be used as stand-alone optical elements. One such device is a 
recently introduced 2×2 optofluidic switch[18] that employs the effect of total internal 
reflection and is made of polydimethylsiloxane (PDMS), an inexpensive, optically clear and 
chemically inert silicone elastomer. The main functional element of the switch is a flat-
parallel microchannel that acts as either a mirror or a transparent window, when it is filled 
with a low refractive index liquid or an index-matching solution, respectively. The optofluidic 
switch can be integrated with microfluidic networks and serve as an alternative to the existing 
optical switches that use liquid crystals [19, 20] or electro-optic[21, 22], acousto-optic[23], 
thermo-optic[24], or magneto-optic effects[25].  

In this paper we introduce 1×N optofluidic switches, which are based on diffraction rather 
than reflection, and describe the design and operation of a 1×4 switch that we built and tested. 
The main functional element of the proposed 1×N switches is a blazed diffraction grating 
imprinted onto the bottom of a microfluidic channel [Fig. 1(a)]. A collimated monochromatic 
beam of light incident onto the grating is deflected by an angle that is proportional to the 
mismatch between the refractive indices of the material of the grating and the liquid in the 
channel [Fig. 1(b)]. For a given wavelength of light, diffraction maxima occur at a discrete set 
of refractive indices of the liquid that correspond to a discrete set of beam deflection angles, 
making a 1×N optical switch.  

#97847 - $15.00 USD Received 25 Jun 2008; revised 5 Aug 2008; accepted 8 Aug 2008; published 18 Aug 2008

(C) 2008 OSA 1 September 2008 / Vol. 16,  No. 18 / OPTICS EXPRESS  13500



 

2. Design and operation of the optofluidic switch. 

Within each period (segment) of an ideal thin blazed grating, the phase of an incident 
monochromatic wave is linearly modulated in the transverse plane along the direction 
perpendicular to the grooves of the grating (Fig. 1). The slope of this linear modulation is 
proportional to the difference between the refractive indices of the material of the grating, 1n , 

and of the medium on top of the grating, 2n . A diffraction maximum occurs when the optical 
path difference over one period of the blazed profile is equal to an integer number of 
wavelengths: 

( ) mhnn λ=− 21 ,                                                           (1) 

where h  is the height of the grating profile, λ  is the wavelength of the incident light in 
vacuum, and m is an integer indicating the order of diffraction. When the condition of a 
diffraction maximum is met, a normally incident plane wave is coherently deflected by an 
angle mα  found from the equation 

 ( ) ( ) Λ−=Λ= //sin 21 hnnmm λα      (2) 
 

where Λ  is the period of the grating. At a diffraction maximum, an ideal blazed grating acts 
as a prism with an angle ( )Λ− /tan 1 h .  

The blazed grating at the bottom of the microchannel [Fig. 1(b)] was made of PDMS with 
a refractive index n1 ≈ 1.41 and had Λ = 50 µm and h = 22.5 µm. The working liquids fed into 
the microchannel were four different solutions of KI and NaBr in water, all containing 2 parts 
of KI and 1 part of NaBr (by weight), but having different total concentrations of the two 
salts. The refractive indices of the solutions, n2, varied between n1 ≈ 1.41 (~40% of total KI 
and NaBr) and 1.34 (~5% of total KI and NaBr). According to Eqs. (1) and (2), for a light 
beam with λ = 532 nm, there are 4 separate maxima of diffraction in this range of n2, with m = 
0 – 3 and with the deflection angles varying by 0.6° from 0 to 1.8°.  

The microfluidic device consisted of a PDMS chip bonded to a #1.5 microscope cover 
glass (Fig. 2). The chip was assembled of two layers of PDMS and had two layers of 
microchannels, a flow layer (in the first layer of PDMS) and a control layer (in the second 
layer of PDMS). The control layer had 5 separate inlets [c0 – c4 in Fig. 2(a)] connected to 6 
“push-up” membrane valves[26] and consisted of 40 μm deep channels with rectangular 
profiles. When a control layer inlet was pressurized, membrane valves [blue rectangles in Fig. 
2(a)] connected to the inlet were actuated and locally sealed flow channels above the valves 
[red segments in Fig. 2(a)]. The flow layer had 4 inlets [in0 – in3 in Fig. 2(a), for KI-NaBr  

Fig. 1. The optofluidic switch. (a) The functional area of the device (diffraction channel), 
consisting of a circular microchannel with a blazed grating imprinted onto its bottom. (b) 
Schematic drawing of the blazed grating with the incident and transmitted laser beams. 
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solutions with different refractive indices], one outlet, and two vents [v1 and v2 in Fig. 2(a)]. 
Microchannels in the flow layer had rectangular profiles and a depth of 180 μm [shown in 
black in Fig. 2(a)], except for the segments on top of the membrane valves [shown in red in 
Fig. 2(a)] that had rounded profiles and a depth of 100 μm. The blazed grating had a circular 
footprint, ~3.5 mm in diameter, and was situated in the middle of the bottom of a circular 
microchannel (diffraction channel) that was 4.5 mm in diameter.  

3. Fabrication protocol. 

Each of the two layers of PDMS (Sylgard 184 by Dow Corning) comprising the microfluidic 
chip was cast using a dedicated master mold, a silicon wafer with a lithographically fabricated 
micro-relief (Fig. 3). Both molds had relief features for 12 separate devices. Fabrication of the 
blazed diffraction gratings, which were imprinted onto the upper surface of the second layer 
of PDMS [Fig. 3(b)], was done using specially made stamps that were ~3.5 mm in diameter, 
~5 mm tall cylindrical pieces of PDMS with the blazed grating relief engraved on their bases. 
To make the stamps, a 5 mm thick PDMS replica of a commercial blazed grating (253-*-940R 
by Newport) was cast and subsequently punched using a sharpened steel tube with an inner 
diameter of ~4 mm. The stamps were further treated with trichloromethylsilane (TMCS) to 
make their surface non-sticky.  

Because the first (upper) layer of PDMS had microchannels of two kinds [rectangular and 
rounded flow channels in Fig. 2(a)], the fabrication of the master mold for the first layer 
required two steps of photolithography.  A 5” silicon wafer was first coated with a 180 μm 
layer of a UV-curable epoxy (SU8 2050 by Microchem), exposed to UV-light through a 
photomask (photo-plotted film with a resolution of 10,000 dpi), and developed. After that, the 
wafer was coated with a 100 μm layer of a positive photoresist (AZ-50XT by Clarion), 
exposed to UV-light through another photomask and developed [Fig. 3(a)]. The wafer was 
placed into a 110°C convection oven for 20 min, to make the AZ-50XT relief features reflow 
and acquire rounded shapes, as required for proper operation of the push-up membrane valves. 
An ~5 mm layer of a PDMS pre-polymer (5:1 mixture of base and curing agent) was poured 
onto the master mold and cured by baking for 45 min in an 80°C oven. The PDMS cast was 
then peeled off from the wafer, cut into individual chips, and holes were punched in the chips 
with a gauge 20 luer stub to make the flow layer ports [four inlets, one outlet, and two vents; 
Fig. 2(a)], completing the first layer of the chips.   

Fig. 2. Optofluidic switch. (a) Layout of microchannels in the device: the flow 
layer (black and red) with four inlets (in0 – in3), two vents (v1 and v2), and one 
outlet; the control layer (blue) with 5 inlets (c0 – c4). The blazed grating is 
schematically shown as a patterned area. (b) A photograph of an actual 
microfluidic PDMS chip bonded to a cover glass. 
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The master mold for the second (lower) layer of PDMS was fabricated by patterning a 5” 
silicon wafer with a 40 μm thick layer of SU8 epoxy, exposing it to UV-light through a third 
photomask, and developing it [Fig. 3(b)]. The mold was spin-coated with a ~140 μm layer of 
the PDMS pre-polymer (5:1 mixture of base and curing agent) that was partially cured and 
subsequently spin-coated with a ~18 μm layer of a differently prepared PDMS pre-polymer 
(20:1 of base to curing agent). A stamp with engraved diffraction grating was placed on top of 
the PDMS layer in the middle of the diffraction channel, and the entire structure was baked in 
the 80 °C oven to completely cure PDMS.  (To reduce the adhesion between the stamp and 
the uncured PDMS, the mold with the uncured PDMS was baked for ~2 min in the 80 °C oven 
prior to the application of the stamp). After the baking, the stamp was separated from the 
cured PDMS layer, leaving the pattern of a blazed diffraction grating on the PDMS surface.  

The first layer PDMS chips were permanently bonded to the cured PDMS on the wafer by 
using the oxygen plasma treatment [Fig. 3(c)]. The monolith two-layer chips were separated 
from the wafer, and holes in the chips were punched with a gauge 20 luer stub to produce 
ports for the control layer [c0 – c4 in Fig. 2(a)]. The microfluidic devices were completed by 
bonding the two-layer chips to #1.5 microscope cover glasses [Fig. 3(c)]. 

Fig.  3. Fabrication of the optofluidic switch. (a) Fabrication of the first layer of 
PDMS, step-by-step. (b) Fabrication of the second layer of PDMS with 
imprinted blazed grating. (c) Assembly of the device. 
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4. Experimental setup and results  

The solutions fed into and drawn off the flow layer of the microfluidic device were kept in 60 
cc plastic syringes held upright with their luer connectors at the bottom. The syringes were 
connected to the ports of the device through luer stubs, lines of flexible Tygon tubing with an 
inner diameter of 1 mm, and short segments of hypodermic tubing that were inserted into the 
ports. The syringes connected to the outlet and to the vents (v1 and v2) were filled with water 
and were open to the atmosphere at the top. The syringes feeding the inlets were connected at 
the top to a regulated source of pressurized air, creating a differential pressure =ΔP 5.0 psi 
between the inlets and the outlet (and between the inlets and the vents) that drove the flow 
through the device. The syringes connected to inlets in0 – in3 were filled with four different 
KI-NaBr solutions, whose concentrations were individually adjusted to generate diffraction 
patterns with maximal power of light in the diffraction orders m = 0 – 3, respectively. The 
adjustment was done by steps of ~1% in the total concentration of KI-NaBr, corresponding to 
steps of ~2×10-3 in refractive index. Therefore, the refractive indices of the solutions were 
expected to deviate from their optimal values by <1×10-3, which was ~4% of the difference of 
0.023 between refractive indices producing consecutive maxima of diffraction according to 
Eq. (1). The 0th order of diffraction, corresponding to direct transmission of the incident beam, 
occurred when the refractive index of the solution in the diffraction channel matched that of 
the PDMS.  

The control layer channels were filled with water, and their five inlets (c0 – c4) were 
connected to a source of compressed air pressurized at 12 psi through five dedicated 3-way 
solenoid valves (LHDA by the Lee Company, Westbrook, CT). Normally, all five solenoid 
valves were powered off, transmitting the pressure of 12 psi to all control channels and to all 
six membrane valves. This pressure kept the valves closed, so there was no flow through the 
device. (To prevent flow between the two vents, the pressures at the vents were equilibrated 
by adjusting the heights of the two syringes connected to the vents.) Therefore, the 
composition of liquid in the diffraction channel remained the same, as did the deflection angle 
of the incident beam. Neither electrical power nor liquid was consumed by the switch in this 
steady state. 

In order to switch the deflection angle to, say, the angle of the 2nd order of diffraction, the 
solenoid valves connected to the control inlets c2 and c4 were simultaneously powered on, 
venting the two control inlets to the atmosphere and opening the three membrane valves 
connected to the two control inlets [Fig. 2(a)]. Once the membrane valves opened, the flow 
from inlet in2 to the outlet started, displacing the liquid in the circular diffraction channel with 
the solution fed into in2 [Fig. 2(a)]. At the same time, the differential pressure, ΔP, between 
inlet in2 and the vents generated a flow from the 5-way intersection to the two vents [Fig. 
2(a)], purging the dead volumes between the intersection and the closed valves 0, 1, and 3. 
The flow to the vents prevented contamination of the solution from in2 that was fed to the 
diffraction channel by the solutions from in0, in1, and in3. The rate of this purging flow was 
relatively low, because the channels connecting the 5-way intersection with the vents were 
narrow and had relatively high flow resistances [Fig. 2(a)]. When the solution in the 
diffraction channel was exchanged, the solenoid valves were powered off again, the 
membrane valves were closed, and flow through the device was stopped.  

The optofluidic switch was tested with a collimated beam, 0.4 mm in diameter, derived 
from a solid state green laser with a wavelength λ = 532 nm. The power of the laser (10 mW) 
was attenuated to 30 μW. The laser beam was incident at 90° onto the center of the blazed 
diffraction grating in the functional area of the switch (Fig. 1). To measure the deflection 
angle of the beam for different states of the switch, the beam was directed onto a distant 
screen and the separation between the peaks of intensity in different states was measured with 
a ruler. The angular distance between consecutive peaks was 0.6° in agreement with Eq. (1). 
To measure the profile of the transmitted laser beam, we used a high speed IEEE 1394 digital 
camera (Marlin F-033 by Allied Vision Technologies) that worked in a linear regime with a 
constant gain. The camera had a 640×480 CCD array of 10×10 µm pixels and was positioned 
at 140 mm behind the switch on the path of the laser beam. The camera had a full-frame speed 

#97847 - $15.00 USD Received 25 Jun 2008; revised 5 Aug 2008; accepted 8 Aug 2008; published 18 Aug 2008

(C) 2008 OSA 1 September 2008 / Vol. 16,  No. 18 / OPTICS EXPRESS  13504



of 60 frames/sec and was operated at 109 frames/sec with a reduced region of interest. To 
quantify the power of light propagating along the directions corresponding to the 4 optical 
outputs of the switch (4 diffraction maxima of the grating), 4 zones (numbered 0 – 3) were 
selected on the CCD array (Fig. 4). The center of a zone was at the point of highest intensity 
of the transmitted beam in one of the states of the switch. Each zone was a square 470×470 
μm (47×47 pixels) in size and subtended an angle of 0.2° (as measured from the blazed 
grating) that was 3 times smaller than the deflection of the beam between consecutive maxima 
of diffraction. The power of light directed to a given optical output was measured as the sum 
of the digitized pixel values from the corresponding zone minus the sum of values of the same 
pixels when the laser beam was blocked.  

Table 1. Power of light (in dB) measured for the 4 optical outputs in the 4 states of the switch, 
normalized to the power of the 0th output in state 0 of the switch.a  

Power of light by optical outputs (dB) 
State of the switch 

0 1 2 3 

0 0 <-24 <-24 <-24 

1 -12.9 -1.4 -15.8 <-24 

2 -13.3 -11.2 -1.6 -14.2 

3 <-24 -19.9 -18.2 -1.7 
a The leftmost column (numbers in bold) indicates the state of the switch and the four columns on the 
right show the powers of light directed to outputs 0 – 3 (numbers in italic in an upper row) in this state.  
 

Distributions of the power of light in the optical outputs 0 – 3 in the four states of the 
optofluidic switch are shown in Table 1. In a state m of the switch, the diffraction channel is 
filled with the solution from the mth inlet, and the mth optical output is intended to be in the 
‘ON’ state, with a maximum power of laser light directed to it. In Table 1, the power of light 
in each optical output is normalized with the power measured in the 0th output in state 0 of 
the switch (0 dB reference point). In this last state, the light was directly transmitted through 
the functional region of the switch, and the power of light incident upon the 0th zone was 92%   

 

Fig. 4. Transmitted laser light recorded by the CCD camera. (a) – (d) the switch 
is in the states 0 – 3, respectively. Dashed boxes in (d) indicate zones 0 – 3, 
from left to right. Scale bar 400 μm. 
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(-0.4 dB) of the total power reaching the CCD array. Compared with state 0, the power of 
light directed to the optical output intended to be ‘ON’ was reduced in states 1 – 3 by 1.4 – 1.7  
dB. Added to the insertion loss of 0.4 dB measured in state 0 (reduction of the total power of 
the laser light due to the insertion of the device into the light path) and to the 0.4 dB loss due 
to the limiting of the outputs to the 470×470 μm zones, these values amounted to insertion 
losses of 2.2 to 2.5 dB. The level of cross-talk, the ratio of the powers of light between the 
optical output that was ‘ON’ and optical outputs that were ‘OFF’ in a given state of the 
switch, varied from a minimum of -24 dB in state 0 to a maximum of -9.8 dB in state 2. The 
values of the extinction ratio, the ratio of the light powers directed to a given optical output in 
the ‘ON’ and ‘OFF’ states of the output, were similar and varied between 24 dB and 9.6 dB 
(Table 1). The analysis of time series of the powers of light in different zones during 
switching (Fig. 5) indicated that the transitions between different states of the switch occurred 
within 55 ms (based on 10% – 90% criterion).  

5. Discussion and summary 

To evaluate possible factors contributing to the cross-talk between different output channels 
of the switch, we theoretically analyzed the transmission of a plane wave through the blazed 
diffraction grating in the functional area of the device. The grating was decomposed into thin 
layers[27, 28], with each layer treated as a perturbation of the refractive index with the period 
Λ, and a coupled wave analysis was applied. The optical outputs 0 – 3 of the device were 
associated with the diffraction orders m = 0 – 3 of the grating and with the plane waves 
propagating at the angles given by Eq. (2). These plane waves became coupled as they 
propagated through the periodically perturbed dielectric medium that was created by the 
blazed grating and the liquid above it. The wave propagation was simulated numerically using 
31 modes (orders) and 1000 layers. The simulation was performed for refractive indices of the 
liquid, n2, in vicinities of the refractive indices n2,m corresponding to the maxima of diffraction 
in orders m, as given by Eq. (1) ( hmnn m /1,2 λ−= ). The powers of light directed to the optical 

outputs 0 – 3 were plotted as functions of mnnn ,22 −=Δ  (lines in Fig. 6). In addition, finite 

element method (FEM) was applied to rigorously simulate propagation of the TE mode 
(symbols in Fig. 6). The discrepancies between the two analyses at small nΔ  are due to 
poorly scaled transmission matrices in the coupled wave analysis.  

According to the numerical simulations (Fig. 6), the theoretical limit for the cross-talk 
between different optical outputs of the switch is at -25 dB. One of the possible reasons for 

Fig. 5. Powers of laser light (in arbitrary units) directed to outputs 0 – 3 of the 
switch (measured in zones 0 – 3) as functions of time during a typical series of 
switching events. Powers in the outputs 0 – 3 are shown in black, blue, red, and 
green, respectively.  
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the substantially higher levels of cross-talk observed in the experiments (-10 dB) are large 
mismatches in the refractive indices, mnnn ,22 −=Δ . Nevertheless, during the adjustment of 

the refractive indices of the salt solutions fed into the device inlets, the refractive indices, 2n , 
were varied with a step of ~2×10-3 until a minimum of the cross-talk was found. For a 

perfectly shaped diffraction grating, this procedure is expected to provide inaccuracy on the 
order of 1×10-3 in the refractive index and a cross-talk of <-20 dB. Therefore, we believe that 
the relatively strong cross-talk (and low extinction ratio) in the switch was mostly due to 
imperfections in the shape of the diffraction grating. The imperfections included non-
uniformity of the segment heights and roughness of the surface and were clearly visible under 
an optical microscope. The imperfections resulted from limited fidelity of the transfer of the 
relief of the commercial blazed grating onto the diffraction channel during the device 
fabrication.  

The response time of the optofluidic switch, which is currently at 55 ms, can be shortened 
by increasing the driving pressure and by reducing the diameter of the diffraction channel 
(from current 4.5 mm to 1-2 mm, still sufficient for a 0.4 mm laser beam), thus reducing the 
amount of liquid that needs to be displaced from it at each switching. Further reduction of the 
response time, though at the expense of increased consumption of liquid during switching, can 
be achieved by increasing the depth of the channels, which would increase the speed of flow 
through the device at a given driving pressure.  

In summary, a concept of 1xN optofluidic switches based on blazed diffraction gratings 
has been introduced and a 1x4 switch has been designed, fabricated, and tested. The switch 

Fig. 6. The portions of the power of incident laser beam (TE mode) directed to 
the optical outputs 1 – 3 of the switch as functions of the mismatch, 

mnnn ,22 −=Δ , between the actual refractive index of the liquid, 2n , and the 

index, mn ,2 , corresponding to the maximum of diffraction in mth order (as 

given by Eq. 1). Plots in (a) – (d) correspond to m = 0 – 3 (and the switch in the 
states 0 – 3), respectively. Power directed to the optical outputs 0 – 3 is plotted 
in blue, green, red, and black, respectively. Lines show results of numerical 
simulations obtained with multi-wave coupling analysis; symbols show results 
of numerical solutions of the wave equation. 
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does not consume electric power or liquid in its steady states, has a response time of 55 ms, 
insertion loss of ~2.5 dB, cross-talk of -9.8 dB, and extinction ratio of 9.6 dB.  The proposed 
1xN optofluidic switches have an advantage of potentially simple integration with other 
microfluidic elements for lab-on-a-chip applications. Furthermore, the cross-talk and the 
extinction ratio in the present 1x4 switch are expected to be substantially improved by 
perfecting the shape of the diffraction grating, and the response time of the switch can be 
reduced by modifying the microfluidic channels.   
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